Background: IGF-I gene expression and IGF-I plasma concentration decline with age. A decreased sensitivity to GH has been suggested to be a contributory mechanism to this, in addition to attenuated GH secretion. Objective: This study focuses on the sensitivity to exogenous GH and the reversibility of the reduced IGF-I gene expression in aging male rats. Design: Three groups of male Wistar rats aged 3 months (young adult), 11 months (middle-aged) and 27 months (old), received recombinant human GH (rhGH) (150 mg/12 h s.c.) for seven consecutive days.
Introduction
Growth hormone (GH) secretion declines during normal aging in the human and in the rat, resulting in lower serum insulin-like growth factor I (IGF-I) levels (1±10). Many aging-related catabolic changes, including osteoporosis and muscle atrophy in the human, are in part caused by the decreased action of the GH±IGF-I axis (1±3). Patients with GH deficiency have neuropsychiatric changes (such as impaired psychological well-being, impaired emotional reaction, depression and alterations of cognitive functions) and an increased overall cardiovascular mortality (2±5). Although the existence of GH deficiency syndrome in normal elderly subjects is still not generally recognized, several investigators have initiated GH treatment for elderly patients with relative hyposomatotropinemia, with improvements observed in all these conditions (4) . GH administration to non-elderly adults and older persons increases lean body mass and reduces fat mass substantially, increases basal metabolic rate, nitrogen and phosphate retention, spinal bone density, and significantly decreases fasting cholesterol levels (4, 6, 7) .
GH secretion in the male rat is pulsatile in nature and is governed by an endogenous ultradian rhythm of approximately 3.3 h (8) . In old male rats GH secretion is depressed, and this is associated with diminished pulsatile release of GH. The amplitude and duration of the pulses decrease, but the periodicity or number of pulses appears to be similar to that present in younger animals (9) . That this decline in GH secretion of aging rats is due to aging and not to weight increase associated with aging was demonstrated in previous studies from our laboratory (10) .
IGF-I is highly expressed in the liver, and this tissue is a major source of plasma concentration of the hormone as has been recently confirmed in conditional knockout of mouse liver IGF-I gene using the Cre/loxP system (11, 12) . The age-related decline in plasma IGF-I has been documented in several strains of rodents, nonhuman primates and humans, and the exploration of the mechanism responsible for the decrease in IGF-I has focused mainly on the reduction in GH secretion that occurs with age (13) . Previous studies have provided compelling evidence that a decrease in the amplitude of GH secretory episodes is a major contributing factor in this decline of hepatic IGF-I gene expression and serum IGF-I that occurs in aging (14, 15) .
IGF-I is a mitogenic peptide which is thought to mediate many of the growth-promoting and some metabolic effects of GH and this hormone has been shown to regulate the steady-state level of IGF-I mRNA in both hepatic and extrahepatic tissues (16±18). The fact that IGF-I gene is expressed in most extrahepatic tissues supports the well-established concept that IGF-I does not act exclusively in an endocrine, but also in an auto-or paracrine, manner (19, 20) .
As IGF-I biological action is modified by IGF-binding proteins (IGFBPs), local production of IGFBPs could have a major impact on the auto/paracrine mode of IGF-I action. Locally produced IGFBPs may retain IGF-I at the site of synthesis or extract IGF-I from the circulation and thereby provide a local IGF-I reservoir (21) . GH co-regulates most of the IGFBPs, mainly IGFBP-3, in parallel with the total circulating IGF-I level (22) .
Tissue response to GH depends on GH concentration, the patterns of GH delivery (23) , the abundance of GH receptors (GHr) (24) and perhaps the concentration of a soluble GH binding protein (GHBP) that has been characterized in serum of humans (25, 26) and animals (27±29). In aging animals the decline in GH gene expression and secretion as well as the attenuation of GH pulse amplitude is considered to be a major mechanism of the decreased hepatic IGF-I gene expression and plasma immunoreactive IGF-I (IR-IGF-I) (10, 14, 15) . In favor of this hypothesis are the studies of the GHr showing an increase in specific binding sites in the liver of aging female rats (30) or a twofold increase in hepatic GHr binding sites density of aging female mice (31) .
However, some studies have shown a reduction or absence of GH-induced IGF-I gene expression in the liver of aging mice compared with younger animals (31) . This, together with the important increase in GHr binding capacity that occurs with age, suggests that the signal transduction pathway for GH might be altered in the liver or other extrahepatic tissues of aging mice. This partial resistance to GH with aging has also been shown for the liver IGF-I secretion in humans (32) .
However, there are not well-established data on the sensitivity of extrahepatic tissues to GH in aging, neither in humans nor in animals, and in particular the kidney and the testis, two organs influenced by aging that express the GH receptor gene.
Therefore, the present study was undertaken to define whether exogenous GH administration is able to revert to normal adult level the alterations of the IGF-I/ IGFBP-3 gene expression and secretion that occur with aging in hepatic and extrahepatic tissues such as kidney and testis, and to determine the sensitivity to one established repeated dose of exogenous recombinant human GH (rhGH) in the three groups of male rats of different ages, two of them (middle-aged and old groups) with no significant difference in weight (10) . Also, we tried to obtain additional information on the inhibitory action of exogenous rhGH on the pituitary as an indication of the functionality or sensitivity of the pituitary long-loop feedback regulation in aging.
Materials and methods

Animals and experimental design
Young (3 months), middle-aged (11 months) and old (27 months) male Wistar rats were obtained from the University of Granada (Spain) and Criffa (Charles River, Barcelona, Spain). Upon arrival at our institution, the animals were housed in a specific pathogen-free facility and maintained on a 12 h light:12 h darkness cycle. Water and food was available ad libitum to all animals. The maintenance and handling of the animals were performed as recommended by the NIH guidelines on the care and use of laboratory animals according to the principles expressed in the declaration of Helsinki. Six groups of ten male Wistar rats, two young adult groups (3 months old), two middle aged groups (11 months old) and two old groups (27 months old), were studied. The body weight (g, mean^S.E.) of animals was 3615 X6Y 713^39 and 635^38 for 3, 11 and 27-monthold rats respectively, with no significant difference between the 11-month-old and the 27-month-old rats. Two groups of each age were treated as follows: control group, which received vehicle, and GH-treated group, which received rhGH 150 mg/every 12 h s.c. for seven consecutive days. rhGH was graciously provided by Lilly S.A. (Madrid, Spain).
After decapitation, blood was collected and stored at 220 8C until assayed for immunoreactive GH and IGF-I. For RIA determination, half pituitary was stored at 280 8C until used. For mRNA quantitation, liver, kidney, testis and pituitary were removed under sterile conditions, rapidly frozen on dry ice and stored at 280 8C until used.
RIAs
Serum and pituitary immunoreactive rat GH (IR-GH) concentrations were quantitated using the National Pituitary Hormone Distribution Program rat hormone kit (NIAMDD, Bethesda, MD, USA) with a sensitivity limit of 0.8 mg/l. Serum IGF-I was measured by a commercial RIA (Nichols Institute, San Juan Capistrano, CA, USA) after acid ethanol extraction.
All the parameters were measured in serum and pituitary from individual rats, and all samples from animals used for comparison were analyzed in the same assay to avoid inter-assay variations. The intra-assay variation of GH RIA was 7%.
RNA probes
IGF-I Rat IGF-I was subcloned into a pGEM-3 vector (Promega Biotech, Madison, WI, USA), and the plasmid DNA was linearized with HindIII to allow for transcription of antisense IGF-I RNAs. This antisense RNA protected a 224 base and a 376 base fragment. One fragment of 376 bp from the rat IGF-I cDNA, containing part of the A domain, the entire D and E domains, and part of the 3 H -untranslated region, was generated to simultaneously quantify mRNAs with (IGF-I transcript b (IGF-Ib): 376 bp) and without (IGF-I transcript a (IGF-Ia): 224 bp) the 52 bp insert present in the E domain of some IGF-I mRNAs (22, 33) .
GHr The rat GHr probe was transcribed from a 900 bp BglII fragment of a rat GHr cDNA corresponding to the region encoding the signal peptide, the extracellular domain, the transmembrane domain, and a portion of the intracellular domain (34) . The rat GHr cDNA was subcloned into the vector pT7T3 (kindly provided by Dr L. Mathews). For transcription of antisense GH receptor RNAs, the plasmid DNA was linearized with BamHI, which resulted in GHr antisense RNAs 439 bases in length. This antisense RNA protected a 439 base fragment representing mRNAs that encode the GHr and a 298 base fragment representing mRNAs that encode the GH binding protein.
GH The rat GH probe was a fragment linearized with HindIII of the plasmid p-rGH-1 (35) .
Cyclophilin The rat cyclophilin cDNA was a 132 bp fragment linearized with ApaI and transcribed to generate the antisense probe with SP6 polymerase following previously described methods (36) .
IGFBP-3
The rat IGFBP-3 cDNA probe was subcloned in a pGEM4Z vector (Promega Biotech) and the plasmid DNA was linearized with SacI to allow for transcription of antisense mRNA. This antisense mRNA protected a 2.5 kb fragment (37) .
Ribonuclease protection assay
Liver, kidney and testis RNA were extracted using the Chomczynski and Sacchi method (38) . In the ribonuclease protection assay, total RNA from pools of three rats were hybridized overnight with approximately 600 000 c.p.m. of labeled antisense rat IGF-I or GHr riboprobe at 45 8C. The hybridization solution contained 75% (vol./vol.) formamide, 80 mM Tris±HCl, pH 7.6, 4 mM EDTA, 1.6 mol/l NaCl and 0.4% SDS. After hybridization, samples were digested using RNase A (40 mg/ml) and RNase T1 (2 mg/ml) for 1 h at 30 8C. Protected hybrids were isolated by ethanol precipitation after phenol±chloroform extraction and separated according to size on an 8% polyacrylamide±8 mol/l urea denaturing gel. Gels were exposed to X-ray film (Kodak, Cambridge, UK) at 280 8C for 24±36 h. Quantitation of the intensities of the autoradiography bands corresponding to protected hybrids was done by densitometric scanning using Adobe Photoshop 2.0 and NIH Image 1.47 programs (Macintosh). All samples were hybridized at the same time with cyclophilin to correct for the differences in gel loading.
Northern analysis
Total RNA was electrophoresed in a 1% agarose± 0.66 mol/l formaldehyde gel, followed by electrotransfer to nylon membrane (Nytran, Shleicher & Shuell, Keene NH, USA) and UV cross-linking (Hoefer Scientific Instrument, San Francisco, CA, USA). Membranes were prehybridized and hybridized for 24 h at 65 8C and 42 8C for IGFBP-3 and GH probes respectively, in 50% formamide with approximately 600 000 c.p.m./ml of 32 P-uridine triphosphate (800 Ci/mmol) labeled antisense rat probe. Autodiagrams and quantitation of intensities were done as described above. Equal loading was confirmed and data was expressed as arbitrary units after correction for hybridization with cyclophilin.
Statistical analysis
All data (mean of percentages vs control group 3-month-old animals) were analyzed with one-way ANOVA followed by Scheffe Â F-test for comparison for multiple groups within an experiment. Samples of male rats (nine animals/age group) were compared in each experiment. The difference was considered statistically significant when P , 0X05X
Results
Serum IR-GH and IR-IGF-I
The effect of exogenous rhGH administration on serum IR-GH and IR-IGF-I is shown in Table 1 . In young and middle-aged rats, treatment with rhGH led to a significant decrease in serum IR-GH, whereas in old rats, this treatment produced no significant alterations.
Under the conditions used in this study, treatment with rhGH increased serum IR-IGF-I to the levels of the young adult group in middle-aged and old rats, although the old rats had 53% lower levels of IGF-I than controls, supporting the idea that the liver's sensitivity to exogenous GH in old rats is not decreased.
Liver IGF-I mRNA levels
In order to determine whether the diminution of IGF-I gene expression in the liver that occurs with aging is reversible and therefore due to the decrease in GH gene expression and GH secretion, and how important is the influence of a potential altered sensitivity to GH, IGF-I mRNA levels in hepatic tissue extracts were quantitated after exogenous rhGH administration to the three groups of animals ( Fig. 1) .
Treatment with rhGH increased IGF-Ib transcript in all the experimental groups compared with the nontreated group of the same age: in young group 25X38 X3%Y P , 0X05; in middle-aged group 24X8^9X1%Y P , 0X05; and in old rats 47X6^4X3%Y P , 0X01; whereas IGF-Ia mRNA accumulation was only increased in old rats after the administration of exogenous rhGH 45X8^6%Y P , 0X01X These results indicate that this treatment produces a complete reversion to the levels of young animals in the accumulation of hepatic IGF-Ib mRNAs in middleaged and old rats, and IGF-Ia transcript in old animals, the only group in which this transcript was significantly diminished. The results also suggest that the liver sensitivity in old rats, receiving the same dose per body weight as the middle-aged, is increased, since the percentage of increment is higher in the old animals.
IGFBP-3 mRNA levels in the liver
Due to the importance of IGFBPs on the biological action of IGF-I, and of IGFBP-3 in particular, and because this is a target gene for GH, the GH-induced IGFBP-3 gene expression was studied in the liver of rats of different ages. As shown in Fig. 2 , the administration of exogenous rhGH produced a significant increase in IGFBP-3 mRNA levels in the three groups of animals: in the young adult group 38X1^2X3%Y P , 0X001; in the middle-aged group 13X2^3X7%Y P , 0X05; and in the old rats 37X5^4X2%Y P , 0X001 versus the levels in the non-treated group of the same age. So, as happened with IGF-I, the expression of IGFBP-3 gene is additionally induced also in the presence of sufficient endogenous GH. In the group of old rats, in which IGFBP-3 mRNA was significantly diminished, the exogenous GH was not able to completely reverse to the levels of young adult rats the accumulation of liver IGFBP-3 mRNA, but the percentage of increment was similar to the young group and even higher than the middle-aged group that received the same dose per body weight.
Kidney and testis IGF-Ia mRNA levels
The action of GH on IGF-I gene expression in extrahepatic tissues, in particular the kidney and the testis, in relation with age has not been established. In order to clarify this, basal IGF-Ia mRNA in the kidney and in testicular tissue extracts was quantitated in the three groups of rats of different ages and after the administration of exogenous rhGH. As shown in Fig. 3 , the levels of IGF-Ia mRNA in the kidney (Fig. 3a) were no different in young, middle-aged and old rats. Similar results were found when IGF-I mRNA was measured in testicular tissue extracts (Fig. 3b) of the three groups of animals.
After the administration of rhGH in the doses and route used in this study, a significant increase in the levels of IGF-Ia mRNA occurred in the kidney of the young, middle-aged and old rats: in young group 74X3^6%Y P , 0X001; middle-aged group 51X31 3X8%Y P , 0X01; and in old rats 37X8^5%Y P , 0X01 versus the levels in the non-treated group of the same age. In the testis, rhGH treatment produced a significant increase of the IGF-Ia mRNA accumulation only in the group of old animals. This data clearly establishes that the IGF-I gene expression in the kidney is inducible by exogenous GH at all ages studied, but in the testis was only shown in the group of old rats, and indicate that the sensitivity to GH in the testis of old rats is not diminished; in the kidney, data suggest a tendency to a decreased sensitivity with age.
GHr/GHBP mRNA levels in the liver
Since the biological action of GH on the target IGF-I gene in the liver must be mediated by the GH receptor, the expression of this gene during aging was studied. The mRNA accumulation of the two transcripts, GHr and GHBP, in liver extracts of the three groups of animals was no different (Fig. 4) . As shown in the same figure, the administration of exogenous rhGH does not alter the levels of the two transcripts of the GH receptor gene in any of the three groups of different age. These data indicate that the alterations of the IGF-I gene expression that occurs with aging in the liver are mediated by modifications of the ligand GH and/or post-transcriptional modifications of the GH receptor or the receptor signaling pathways and not by transcriptional alteration of the gene.
GHr/GHBP mRNA levels in the kidney
In order to better understand the absence of alterations of IGF-I mRNA accumulation in the kidney of rats of different ages, even in the presence of the significant decrease of GH secretion that occurs with aging, the level of expression of the GH receptor gene in this tissue was studied. As shown in Fig. 5 , no difference was seen in the levels of mRNA of the two transcripts of the GH receptor, GHr and GHBP, in any of the three groups of animals of different age. Again the level of the GH receptor gene expression in the kidney was not altered by the administration of exogenous rhGH to the rats of different ages.
GHr/GHBP mRNA levels in the testis
With the purpose of implementing the information related to the regulation of the IGF-I gene expression in extrahepatic tissues, the level of expression of the GH receptor gene was studied in testicular tissue of rats of different ages and the potential influence of exogenous GH examined. As shown in Fig. 6 , no difference was seen in the accumulation of GHr mRNA in any of the three groups of rats of different age and no alteration was produced in these levels by the administration of exogenous rhGH. These data indicate that the induction Figure 1 Liver IGF-I mRNA of young (3-month-old), middle-aged (11-month-old) and old (27-month-old) rats and the effect of rhGH administration. Twenty micrograms of total liver RNA were subjected to solution hybridization/RNase protection assay using the antisense IGF-I and cyclophilin probes. The positions of each protected fragment are indicated on the right. After correction for cyclophilin levels, optical density units were adjusted so that the ratio obtained from livers of rats aged 3 months (3 m) equaled 100. Lane 1, undigested IGF-I probe. Lane 2, IGF-I and cyclophilin probes after RNase A and T1 digestion. Lane 3, molecular weight marker. Lane 4, undigested cyclophilin probe. Each lane represents a pool of three rats. Results are the mean^S.E. of three lanes. *P , 0X05 and **P , 0X01X
of the IGF-I gene expression that occurs in the testis of old animals after treatment with rhGH is not mediated by transcriptional alterations of the GH receptor gene.
GH gene expression in the pituitary and IR-GH content
In order to define the sensitivity of the pituitary to exogenous GH in different ages, GH mRNA and IR-GH levels were studied in pituitary extracts. Northern blot analysis of pituitary GH gene expression is shown in Fig. 7A . After rhGH administration, GH mRNA levels in the pituitary were diminished in all the experimental groups: in the young group 25^5X2%Y P , 0X01; in the middle-aged group 41X2^6X3%Y P , 0X001; and in the old group 55^4X8%Y P , 0X001Y versus the non-treated rats of the same age. This suggests that exogenous GH decreases its own gene expression in young, middle-aged and old animals. Once more, this action is more pronounced in old rats for the same dose per body weight, suggesting an increased sensitivity in the pituitary of the old animals to exogenous GH. The effect of exogenous GH on pituitary IR-GH content is shown in Fig. 7B . Exogenous rhGH administration increased IR-GH pituitary content only in young rats, but these levels were not modified significantly in middle-aged and old animals, suggesting that exogenous rhGH blocks GH release and consequently increases its pituitary content in young rats, and this effect is not so relevant with aging. These data indicate a similar sensitivity to the same dose of exogenous GH in the pituitary long-loop feedback regulation system of GH gene expression and secretion in aging animals, compared with middleaged or young rats.
Discussion
This study confirms that the activity of the GH±IGF-I±IGFBP-3 system declines with senescence. The age-associated decreases in serum IGF-I peptide and hepatic IGF-I and IGFBP-3 mRNAs reflect the ageassociated attenuation of pituitary GH secretion (1±4, 10), and there is no indication of a decreased sensitivity to exogenous rhGH, at least in the dose and form of administration used in this study. The administration of pharmacological doses of exogenous GH in this physiological condition of relative GH deficiency is able to overcome this partial deficiency inducing the expression of target genes such as IGF-I and IGFBP-3 in the liver almost to the level of young adult animals. Therefore, the aging rat can be Figure 2 Liver IGFBP-3 of young (3-monthold), middle-aged (11-month-old) and old (27-month-old) rats and the effect of rhGH treatment. Twenty micrograms of total liver RNA were subjected to Northern blot using the IGFBP-3 probe. After correction for cyclophilin levels, optical density units were adjusted so that the ratio obtained from livers of rats aged 3 months (3 m) equaled 100. Each lane represents a pool of three rats. Results are the mean^S.E. of three lanes. *P , 0X05 and ***P , 0X001X considered a model of relative GH deficiency, not a physiological situation of GH resistance.
In the rat, the induction of liver IGF-I gene by exogenous GH has been clearly demonstrated in animals made GH deficient by hypophysectomy (39) . However, in partially deficient rats, specific doses and frequency of GH administration are required to make this effect evident. In fact, it was not observed when one dose of 200 mg/day was given to 24-month-old normal rats for 7 days (40) . In this study we have been able to show a complete reversion of the liver IGF-I mRNA to the levels of young adult rats, by giving 150 mg every 12 h by s.c. route for 7 days to 27-month-old normal animals. Recent studies have suggested that the signal transduction pathway for GH is impaired in the liver of aging rats (31) and the aging in human males is accompanied by resistance to GH (32) , considering this peripheral tissue resistance a contributing mechanism to the attenuation of IGF-I gene expression in aging. Those studies introduced the question of sensitivity to GH in aging and the reversibility of the diminished plasma concentration of IGF-I and the decreased tissue function characteristic of aging animals and humans. Regarding the hepatic IGF-I gene expression, our data indicate that the sensitivity to the established dose per weight of exogenous GH is not affected in old animals, compared with the middle-aged group with the same weight and Figure 3 IGF-Ia mRNA in the kidney (a) and the testis (b) of young (3-month-old), middleaged (11-month-old) and old (27-month-old) rats and the effect of rhGH treatment. Twenty micrograms of total kidney and testis RNA were subjected to solution hybridization/ RNase protection assay using the antisense IGF-I and cyclophilin probes. The positions of each protected fragment are indicated on the right. After correction for cyclophilin levels, optical density units were adjusted so that the ratio obtained from kidneys and testis of rats aged 3 months (3 m) equaled 100. Lane 1, undigested IGF-I probe. Lane 2, IGF-I and cyclophilin probes after RNase A and T1 digestion. Lane 3, molecular weight marker. Lane 4, undigested cyclophilin probe. Each lane represents a pool of three rats. Results are the mean^S.E. of three lanes. *P , 0X05Y **P , 0X01 and ***P , 0X001X also to the young group receiving the same dose with lower weight.
Serum IGF-I levels progressively decrease with advancing age. After rhGH treatment, serum IR-IGF-I levels do not show significant changes in the young group, whereas middle-aged and old groups, which have lower basal levels, showed a significant increase of IGF-I values. Our data is in agreement with other studies where after chronic or acute treatment, a clear increase of IGF-I levels were shown in hypophysectomized animals but not in young normal rats (41) . This finding also confirms the reversibility of serum IGF-I in the old animals to the levels of young rats after exogenous rhGH, and that the hepatic sensitivity to exogenous rhGH is not decreased in old male rats.
As indicated previously by other authors (15, 42) and our studies (10), we confirm that hepatic IGFBP-3 gene expression diminishes with aging and that the influence of weight on these changes can be excluded. After rhGH treatment, hepatic IGFBP-3 gene expression increases in all the experimental groups, but in a more evident manner in the old group. With regard to the hepatic IGFBP-3 gene expression, the sensitivity to the same pharmacological dose of exogenous GH in the two groups with the same weight (middle-aged and old groups), that is the same dose per body weight, is even increased in the old group, since the percentage of the hepatic IGFBP-3 mRNA accumulation after exogenous GH is higher in this group.
The sensitivity to the induction of IGF-I gene expression by exogenous GH in extrahepatic tissues such as kidney and testis, two organs influenced by aging, is a matter of controversy and there are no well-established data in aging humans or rats (42±45). Our data indicate that in the kidney the sensitivity to the induction of IGF-I gene expression by exogenous GH in old male animals is not significantly different from the middle-aged rats, when both groups were receiving the same pharmacological dose of GH per body weight, although a tendency to decrease with age is suggested. In the kidney, IGF-I is mainly localized in collecting ducts. It increases after GH Figure 4 GHr and GHBP mRNAs in the liver of young (3-month-old), middle-aged (11-month-old) and old (27-month-old) rats and the effect of rhGH treatment. Twenty micrograms of total liver RNA were subjected to solution hybridization/RNase protection assay using the antisense GHr/GHBP and cyclophilin probes. The positions of each protected fragment are indicated on the right. After correction for cyclophilin levels, optical density units were adjusted so that the ratio obtained from livers of rats aged 3 months (3 m) equaled 100. Lane 1, undigested IGF-I probe. Lane 2, IGF-I and cyclophilin probes after RNase A and T1 digestion. Lane 3, molecular weight marker. Lane 4, undigested cyclophilin probe. Each lane represents a pool of three rats. Results are the mean^S.E. of three lanes.
administration at this site, but not in other portions of the nephron (43) . Local IGF-I gene expression might explain why we have not been able to detect significant agerelated changes in the mRNA when the whole kidney tissue was analyzed (42) .
In the testis of the old group of rats, exogenous GH provokes a higher percentage increase of IGF-I mRNA accumulation than in the middle-aged or young group, with the same or higher dose of GH per body weight. These data indicate that the sensitivity of IGF-I gene induction by GH in the old testis is not affected by age. It has been suggested that IGF-I in the testis enhance the maturation and steroidogenic responsiveness to gonadotropins. Recent studies have shown the presence of GHr mRNA in purified progenitor, immature and adult Leydig cells of the rat, and the existence of a functional GH signaling pathway in these cells (44) . These results are compatible with the modulatory effect of GH on testicular function, as suggested by the clinical situation in which puberty is delayed in the presence of GH deficiency (45, 46) , and the responsiveness to gonadotropin is improved by GH treatment in humans with GH deficiency (45) .
Our results also suggest that, in contrast to hepatic IGF-I, kidney and testis IGF-I gene expression is not so critically dependent on endogenous GH in normal conditions, as no decrease of IGF-I mRNA accumulation in these organs occurred in a physiological situation of lower GH gene expression and secretion that occurs with aging. However, when exogenous GH is administered to the rats in the conditions of the study, regarding the dose, the frequency and the route of administration, there is an evident increase of IGF-I mRNA accumulation in these organs. In other experimental situations of more marked GH deficiency such as hypophysectomy, exogenous GH was also able to induce IGF-I gene expression in these two organs, but the sensitivity was not specifically studied (39) . This Figure 5 GHr and GHBP expression in the kidney of young (3-month-old), middle-aged (11-month-old) and old (27-month-old) rats and the effect of rhGH treatment. Twenty micrograms of total kidney RNA were subjected to solution hybridization/RNase protection assay using the antisense GHr/ GHBP and cyclophilin probes. The positions of each protected fragment are indicated on the right. After correction for cyclophilin levels, optical density units were adjusted so that the ratio obtained from kidneys of rats aged 3 months (3 m) equaled 100. Lane 1, undigested IGF-I probe. Lane 2, IGF-I and cyclophilin probes after RNase A and T1 digestion. Lane 3, molecular weight marker. Lane 4, undigested cyclophilin probe. Each lane represents a pool of three rats. Results are the mean^S.E. of three lanes.
action could be interpreted as pharmacological since this only occurs in the experimental situation of exogenous GH administration and not in the physiological condition of partial GH deficiency that takes place in aging.
The presence of similar values of GHr and GHBP mRNA accumulation in liver, kidney and testis in all the experimental groups suggests that the expression of this gene is not age dependent and not affected by GH treatment, at least in the tissues studied. According to our data, other studies have shown no changes in GHr and GHBP gene expression in hypophysectomized animals treated with exogenous GH and IGF-I (34, 47, 48) .
An important controversy exists with regard to the GHr or the GHBP in the tissues of aging animals and humans. In the liver of aging mice, more than a twofold increase in GHr binding capacity was found when compared with younger animals, with no difference in K d by Scatchard analysis (31) . Similar results have been described in young female rats (30) and in humans (32) . However, in this study in Wistar male rats, no difference was shown in the basal mRNA accumulation in either one of the two transcriptional subspecies of the GHr gene and in either of the tissues studied, including liver, kidney and testis, in relation to age. In a similar manner, no modifications were produced in the levels of the two transcripts by repetitive or chronic exogenous GH administration. This part of the study is also in discordance with previous studies in humans showing that exogenous GH produced an acute decrease in circulating GHBP levels, independently of age (32) . Post-transcriptional alterations of the receptor protein or its functionality, not assessed in this study, could explain those critical discrepancies.
The effect observed of exogenous rhGH administration on serum and pituitary IR-GH and the action on the accumulation of GH mRNA confirms previous studies showing that GH regulates its own secretion throughout a negative long-loop feedback mechanism inhibiting GH release and gene expression in the pituitary (40, 49) . The relative sensitivity of this negative feedback action can be concluded from the fact that exogenous GH is given at the same dose per body weight in the middle-aged and old rats. In these experimental conditions the inhibitory effect of exogenous GH on the accumulation of GH mRNA is equally potent in the two groups. This is also suggested in the comparison with the young group of rats in which a lower effect was shown when the same dose was administered to animals of a lower weight. Therefore, data indicate the persistence of a normal longloop feedback function of GH in the pituitary of aging rats, but at a lower level because of the potential implication of hypothalamic secretagogues such us somatostatin and growth hormone-releasing factor (GRF).
This study indicates that the mechanism of the decreased IGF-I and IGFBP-3 gene expression that occurs with aging is due to the diminution of GH gene expression and GH secretion, and that the relative GH Figure 6 GHr mRNA in the testis of young (3-month-old), middle-aged (11-month-old) and old (27-month-old) rats and the effect of rhGH treatment. Twenty micrograms of total testis RNA were subjected to solution hybridization/ RNase protection assay using the antisense GHr probes. The positions of each protected fragment are indicated on the right. After correction for cyclophilin levels, optical density units were adjusted so that the ratio obtained from testis of rats aged 3 months (3 m) equaled 100. Lane 1, undigested IGF-I probe. Lane 2, IGF-I and cyclophilin probes after RNase A and T1 digestion. Lane 3, molecular weight marker. Lane 4, undigested cyclophilin probe. Each lane represents a pool of three rats. Results are the mean^S.E. of three lanes.
deficiency of senescence and its consequences on body composition and effects on other extrahepatic tissues can be completely restored by repetitive exogenous GH administration. The study also suggests that there is no decreased sensitivity to exogenous rhGH in the liver, and extrahepatic tissues of aging male rats, in the conditions of the study. These conclusions give experimental support to the concept of an efficient GH substitution therapy for aging humans. Figure 7 Pituitary GH gene expression and pituitary IR-GH content of young (3-monthold), middle-aged (11-month-old) and old (27-month-old) rats and the effect of rhGH treatment. (A) GH mRNA levels. Two micrograms of total pituitary RNA were subjected to Northern blot using the GH probe. After correction for cyclophilin levels, optical density units were adjusted so that the ratio obtained from pituitaries of rats aged 3 months (3 m) equaled 100. Results are the mean^S.E. n 3X (B) Pituitary IR-GH levels. Each lane represents a pool of three rats. Results are the mean^S.E. of three lanes. *P , 0X05Y **P , 0X01 and ***P , 0X001X
